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The electrical properties of a,v-mercaptoalkyl ferrocenes with different

alkyl chain lengths embedded in a self-assembled host matrix of alkanethiols

on Au(111) are studied by scanning tunneling microscopy and spec-

troscopy. Based on current–distance spectroscopy, as well as on the

evaluation of Fowler–Nordheim tunneling current oscillations, the apparent

barrier height of ferrocene is determined independently by two methods.

The electronic coupling of the ferrocene moiety to the Au(111) substrate is

shown to depend on the length of the alkane-spacer chain. In a double tunnel

junction model our experimental findings are explained, addressing the role

of the different molecular moieties of the mercaptoalkyl ferrocenes.
1. Introduction

The ability to access and use electronic properties of

individual molecules together with the inherent capability of

self-organization promises new possibilities for future nanoe-

lectronic devices. Especially interesting for applications in

electronic devices are molecules with reliable redox behavior,

which have the potential to be used as switches or storage

elements. However, a prerequisite for the realization of such

devices is the understanding of the electronic properties of the

respective molecules in well-defined structures.

In this work, we focus on one class of stable metal organic

compounds, a,v-mercaptoalkyl ferrocenes (IUPAC name: 11-

(mercaptoalkyl), which are known to show reversible redox

behavior in solution and can be modified by standard chemical

methods.[1,2] Ferrocene derivatives may act as donors in
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donor/acceptor systems similar to those proposed by Aviram

andRatner or, by using the properties of the central iron atom,

might be employed as spin valves or as part of a molecular

wire.[3–5]

Mercaptoalkyl ferrocenes that form self-assembled mono-

layers (SAMs) on Au(111) were studied by electrochemical

methods, showing successful chemisorption on gold surfaces,

intact redox behavior, and charge transfer kinetics of the

chemisorbed species in solution.[6,7] Besides layers of pure

ferrocenes, mixed layers with alkanethiols were also realized,

which provide access to the assembly dynamics of SAMs by

monitoring the redox behavior during layer formation.[8,9] The

self-assembled ferrocene layers show a tendency to form

multilayer structures, as revealed by ellipsometry, and

reversible thickness changes upon oxidation/reduction. The

latter changes are attributed to a flipping of the ferrocene end-

group or a swing of the alkyl chain.[10–13] A negative

differential resistance (NDR) effect for SAMs of a, v-

mercaptoundecanyl ferrocene discovered by scanning tunnel-

ing spectroscopy (STS) could later be attributed to the

presence of oxygen, causing irreversible chemical changes in

the material.[14–16]

In this study the electrical properties of chemisorbed,

standing-up a,v-mercaptoalkyl ferrocenes are studied by

ultra-high-vacuum STS (UHV-STS). To minimize the config-

urational freedom of the chemisorbed molecules, the matrix

isolation approach is chosen. The mercaptoalkyl ferrocene

molecules are embedded into SAMs of alkanethiols, which

serve as well-defined host matrices with known electrical and
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Figure 2. I–s spectroscopy on C12 (a) and mercaptoundecyl ferrocene

(b). The slopes in the semilogarithmic I–s plot reflect the decay con-

stants.
structural properties. Using current–distance (I–s) and

current–voltage (I–U) spectroscopy, we demonstrate that

the apparent tunneling barrier height of ferrocenes can be

determined both from I–s measurements, as well as from

oscillations in the tunneling current that occur at voltages

exceeding the barrier height (Gundlach oscillations or field

emission resonance (FER)).

2. Current–Distance Spectroscopy

Short-chain mercaptoalkyl ferrocenes (Fc-(CH2)n–SH,

abbreviated FcCn), such as FcC3, inserted into an octanethiol

matrix form a monolayer structure as shown in Figure 1. The

self-assembled alkanethiol monolayer remains visible in the

mixed monolayer with its characteristic features such as

domain boundaries, monolayer-deep etch pits, and the

hexagonal packing of the molecules with the characteristic

c(4� 2) superlattice referring to a well-ordered monolayer.[17]

After insertion the ferrocene derivatives form surface ribbons

along the domain boundaries, visible as blurry features

decorating the ordered alkanethiol domains (Figure 1).

Annealing of the mixed monolayers in vacuum leads to a

partial order of the ferrocene ribbons and even domains or

islands with regular ferrocene structures can be identi-

fied.[18,19] From structural investigations the occupied area

per mercaptoalkyl ferrocene molecule was determined to be

0.50 nm2 for FcC3 and 0.61 nm2 for FcC5 and FcC11, which is

more than twice the area needed for an alkanethiol molecule

(0.216 nm2).[17]

The electrical transport through FcCn molecules

embedded in a Cn SAM matrix was characterized first by

I–s spectroscopy, a well-accepted method to characterize the

chemical specificity of the sample surface and the local

electronic charge. These measurements were performed on

regular structures of a,v-mercaptoalkyl ferrocenes similar to

the structures shown in Figure 1, and for comparison on

ordered domains of dodecanethiol as well. The spectra
Figure 1. Typical topography of FcC3 embedded into a C8 SAM. The

ordering of the host monolayer is visible, showing the alkanethiol

c(4� 2) surface texture and domain boundaries (A). Mercaptoalkyl

ferrocenes are inserted at C8 domain boundaries (C) and beginning

formation of ferrocene domains (B) is visible.
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recorded on C12 and on extended patches of FcC11 inserted

into C12 are shown in Figure 2.

A 1D tunneling model to describe the charge transport

from the scanning tunneling microscopy (STM) tip through

the vacuum and the molecular layer to the gold surface was

considered. This model is applicable for large barrier heights

and small barrier widths. As the tip approaches towards the

surface the tunneling current (It) depends exponentially on the

distance, which in the Wentzel–Kramers–Brillouin (WKB)

approximation for a 1D square potential barrier leads to

It / U exp � 4p
ffiffiffiffiffiffiffiffi
2m�

p

h

ffiffiffiffiffiffi
fB

p
z

� �
(1)

and

b ¼ 4p
ffiffiffiffiffiffiffiffi
2m�

p

h

ffiffiffiffiffiffi
fB

p
(2)

for low currents, eU�fB, where e¼ electron charge, U¼ bias

voltage, m� is the effective electron mass, fB is the apparent

tunneling barrier height, z is the tip–surface distance, h is

planck’s constant, and b is the tunneling decay constant.[20]

Therefore, the slope of a semilogarithmic plot of the recorded

tunneling current versus tip displacement is proportional to

the tunneling decay constant of the respective material. This

approach can be used to extract the apparent tunneling barrier

height.
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Figure 3. Schematic illustration of FcC11 in a SAM with an assignment

of the decay constants to the ferrocene moiety and the alkane chain.
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Figure 2, a characteristic graph of I–s measurements for

alkanethiols, starts with a noisy low-current branch for large

tip–sample distances, when the current is in the range of the

noise level of the preamplifier. Upon approaching the surface

a steep increase in current is visible. The slope in this branch is

governed by a vacuum decay constant of bvac¼ 22 nm�1.When

the tip starts to penetrate the dodecanethiol monolayer a sharp

bend in the I–s curve appears, defining the contact point, and

the slope is reduced to a value of 9 nm�1, attributed to the

lower apparent barrier height of the alkane backbone,

fB(CH), as compared to vacuum. The I–s measurements

obtained for FcC11 (Figure 2) show an additional feature. The

spectra recorded on FcC11 exhibit a sharp transition after the

contact point, followed by an additional regime with a strongly

reduced slope of� 2.8 nm�1, and after a distance of� 0.4 nm a

second increase in the current slope to a value of � 8 nm�1 is

observed. The plateau in the current slope corresponding to a

locally reduced decay parameter is attributed to the ferrocene

end-groups on top of the monolayer. This is reasonable due to

spatial considerations for the FcC11 SAM, taking into account

a distance of 0.39 nm between the cyclopentadienyl (Cp) rings

of a ferrocenemoiety (Figure 2). The decay constant of 8 nm�1

for the further movement into the monolayer is comparable to

the value expected for the alkanethiols from the previous

measurements. One reason for the slight deviation of the

decay constant compared to the pure alkanethiols is probably

the different packing density of the mercaptoalkyl ferrocenes

compared to the alkanethiols, for example, 0.61 nm2 per

ferrocene derivative compared to 0.21 nm2 per alkanethiol.

Another reason might be the electronic influence of the

ferrocene moiety attached to the alkane chain. The I–s curve

of the ferrocene derivative FcC3 (not shown), also exhibits a

regime with a strongly reduced slope, bFc� 2.8 nm�1 very

similar to FcC11, but the regime of again increased slope,

bCH� 8 nm�1, is not visible. From spatial considerations, this

effect can be explained by the very short alkane chain that is

entangled with the bulky ferrocene moieties and not long

enough to establish a tunneling regime that is unaffected by

the substrate or the ferrocene layer.

I–s spectroscopy on mercaptoalkyl ferrocenes in our

measurement setup clearly proves that the decay constant is

not constant over the entire length of the system, but depends

strongly on the nature of the respective material. Three

different parts of the I–s curve with different decay constants

can be identified: the tunneling gap between the STM tip and

the molecule (bvac), the ferrocene moiety (bFc), and the alkane

chain (bCH).

It / exp �bvaczvac � bFczFc � bCHzCHð Þ (3)

This is very similar to the case of biphenylethanethiols.[21]

Figure 3 shows a schematic illustration of the mercaptoalkyl

ferrocene monolayer including the different decay constants

that are involved in the tunneling process.

The experimentally obtained tunneling decay constant for

the vacuum, bvac¼ 22 nm�1, is in good agreement with values

reported in literature.[22,23] Using Equation 1, bvac� 22 nm�1

and m�¼me for metals (me), a value for the apparent barrier
www.small-journal.com � 2009 Wiley-VCH Verlag Gm
height of 4.6 eV results, which is in the typical range for

metallic surfaces.[24,25] The experimental values of the

tunneling decay constant of the alkane backbone are also in

good agreement with values reported in literature, that is, 8.8,

7, and 11 nm�1 for alkanethiols.[26–28] Recent reviews give a

good overall view on the variation of tunneling decay

constants depending on the exact experimental configura-

tion.[20,29] Using Equation 1 and assuming m�¼ 0.42 me,

obtained using the SimmonsModel to fit alkanethiol tunneling

parameters, the values of bCH¼ 9 and 8 nm�1 correspond to

fB(CH) of 1.83 eV and 1.45 eV, respectively, which are also in

good agreement with Reed.[29] It should be pointed out that

Equation 1 is only valid for voltages reasonably smaller than

the apparent barrier height, in the case of alkanethiols up to

approximately 1V.

Applying again the same procedure as mentioned above to

deduce the apparent tunneling barrier height for the ferrocene

moiety, fB(Fc), from bFc¼ 2.8 nm�1, results in values smaller

than 0.2 eV depending on the exact value of m�. However, this

small value of fB(Fc) implies that Equation 1 is no longer

applicable here, since eU>fB(Fc). In the case of mercap-

toalkyl ferrocenes a bias voltage of �1V is high enough to be

remarkably larger than the apparent barrier height. This

causes the tunneling barrier shape to change from a

trapezoidal barrier, characteristic for direct tunneling, to a

triangular barrier whose properties are changed with increas-

ing voltage. Tunneling through a triangular barrier, where the

electrons tunnel into the conduction band of a dielectric, is

called Fowler–Nordheim tunneling or field emission.[29] In this

case we can use the following expression for the tunneling

current

It / U2 exp � 8p
ffiffiffiffiffiffiffiffi
2m�

p

3ehU
f
3=2
B z

� �
(4)

and

bFN ¼ 8p
ffiffiffiffiffiffiffiffi
2m�

p

3 � e � h � U � f3=2
B ¼ 6:826

U
� f3=2

B (5)

Assuming m�¼me, and using the experimentally deter-

mined bFc¼ 2.8 nm�1 and Equation 4 to determine the
bH & Co. KGaA, Weinheim small 2009, 5, No. 4, 496–502
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Figure 5. The resulting height difference between FcC3 and C8,

measured at location B as outlined in Figure 1, is plotted against the

bias voltage and shows a strong exponential dependence.
apparent tunneling barrier height leads to a value of

fB(Fc)¼ 0.62 eV for the ferrocene moiety. This is a rather

low value as compared to other molecules.

3. Voltage-Dependent Imaging

Using the matrix isolation approach, mercaptoalkyl

ferrocenes embedded into an alkanethiol matrix have the

appealing advantage that the highly ordered alkanethiol

domains may serve as geometrical and electrical reference.

The latter should be kept in mind in interpreting and

discussing the next images. In the experiments shown in

Figure 4, the step height between ordered surface domains of

FcC3 and the surrounding C8 monolayer is measured in

constant–current mode for bias voltages ranging from �0.8 to

�1.8V using UHV-STM. It is obvious from the selected

images that the apparent height of the ferrocene derivatives

depends strongly on the bias voltage. This behavior has not

been observed so far for other molecules inserted in an

alkanethiol matrix. For lower bias voltages only slightly

elevated features are visible, whereas for higher negative bias

bright, well-defined features appear. The resulting apparent

height differences, plotted into a diagram versus bias voltage

(Figure 5), show a strong increase for bias voltages exceeding

�1.5V.

A comparable behavior of FcC11 islands embedded into a

decanethiol SAM was observed using STM under an

electrochemical environment.[30] The apparent heights of

the FcC11 islands with respect to the surrounding C10 matrix

were enhancedwith increased sample bias. Yokota et al. stated

that the apparent heights are not correlated with the island

size, irrespective of the oxidation state of the ferrocenemoiety,

which rules out an intermolecular conduction path as major

conduction mechanism. Furthermore, it was demonstrated

that the positive charge is not a prerequisite to amplify the

STM current through FcC11 islands.[30] This is in accordance

with our findings, because a charging of the monolayer in

vacuum is rather unlikely. Due to the lack of counter ions in

vacuum only a very limited amount of charging is possible so

that in our case the FcC3 molecules are assumed to be

uncharged. This does not exclude the interim appearance of

charged molecular states with short lifetimes during the

tunneling process.

The monitored changes of the apparent height (Figure 5),

as obtained from STM measurements, could originate from

geometric or electronic changes in the mixed monolayer. But

due to the monotonous increase and the absolute value of the
Figure 4. Voltage-dependent imaging of the structure shown in Figure 1.

ferrocenes appear brighter at higher bias voltages.
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increase (� 0.35 nm) a redox-induced geometric thickness

change can be excluded. Yao et al. observed a monolayer

thickness change of FcC11 of about 0.09 nm resulting from the

oxidation of ferrocene to ferrocenium in water.[13] A possible

explanation for this thickness change is a rotation or flipping of

the ferrocene moiety around the bond between the ferrocene

moiety and the alkyl chain or, more likely, a swinging of the

alkyl chain farther away from the electrode (� 2.78). These
effects are not monotonous and cannot account in size for our

findings. Therefore we conclude that the apparent step height

changes of FcC3 with respect to C8 as a function of applied

bias voltage, Ub, are mainly electronic in origin.

The step height changes are causally related to the

electronic properties of the molecules under study, that is,

FcC3 and C8, and the matrix isolation approach. The

molecules used as electronic reference are octanethiols, whose

conduction mechanism is widely accepted to fall into the direct

tunneling regime. This means that the tip–surface distance on

C8 domains is related to the current as zCH	 lnI¼ constant. In

contrast, the conduction mechanism of ferrocene derivatives

for Ub> 0.6V falls into the Fowler–Nordheim regime as

shown in the previous section. Therefore, the tip–surface

distance on FcC3 domains shows the following dependence on

current and sample bias: zFc	U ln(I/U2), which is obviously

strongly dependent on the bias voltage and will increase with

increasing voltage. Taking the difference (zCH–zFc), which is

exactly the step height, results in a curve like the one in

Figure 5. This behavior confirms Fowler–Nordheim tunneling

as the conduction mechanism in ferrocene derivatives.
The mercaptoalkyl

H & Co. KGaA, Weinheim
4. Current–Voltage Spectroscopy

I–U spectroscopy of mercaptoalkyl

ferrocenes with different chain lengths

(FcCn with n¼ 3, 5, and 11) inserted into

the corresponding alkanethiol host

matrices has been performed. In Figure 6

the obtained I–U curves are compared. For
www.small-journal.com 499
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Figure 6. I–U spectroscopy on mercaptoalkyl ferrocenes with different

chain lengths embedded into the respective alkanethiol monolayer.

a) FcC3, b) FcC5, and c) FcC11. The diagrams compare the I–U curves of

the ferrocenes (red) with the host alkanethiol matrices (blue).

Figure 7. Schematic energy diagram for Fowler–Nordheim tunneling

from the tip to the ferrocene moiety and direct tunneling from the

ferrocene moiety to the Au(111)-substrate for mercaptoalkyl ferrocenes

with n¼3 and 11, respectively. ETip and EAu are the Fermi energies of the

tip and the Au(111)-substrate.
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all three diagrams a pronounced increase in current of the

ferrocene derivatives is observed at higher voltages. It is

remarkable that the conduction threshold is found at higher

voltages for mercaptoalkyl ferrocenes with longer alkane

chains. These I–U curves from UHV-STM do not show an

NDR effect (in accordance with Reference [16]) or a sudden

change, which could be attributed to a redox behavior. But

most interestingly, a characteristic increase in current is

observed when the applied bias voltage exceeds fB(Fc) due to

the onset of Fowler–Nordheim tunneling. The change in

transport mechanism from direct tunneling to the field

emission regime can be determined by plotting ln(I/U2)

versus 1/U from the change in slope. Using the relationship

given in Reference [31] we obtained data curves qualitatively

similar to literature data and an inflection point, Utrans, of
www.small-journal.com � 2009 Wiley-VCH Verlag Gm
0.3V, which characterizes the transition from direct tunneling

to Fowler–Nordheim tunneling. However, the barrier height

determined by this method usually is significantly lower than

estimated, for example, by ultraviolet photoelectron spectro-

scopy (UPS) and thus gives only a lower limit for the potential

barrier.[31]

How the onset of Fowler–Nordheim tunneling can be

influenced by the alkane-spacer-chain length is demonstrated

in the schematic energy diagram shown in Figure 7. The

ferrocene moiety of FcCn is assumed to form a quantum well

separated from two electrical contacts, the tip and the gold

substrate, by two tunnel barriers. The tip/ferrocene barrier is

simply the vacuum gap, whereas the ferrocene/gold barrier is

due to the alkane-spacer chain, which also defines this barrier

width. Hence for a fixed sample bias the voltage drop over the

vacuum gap is relatively smaller for molecules with longer

alkane-spacer chains, if the same bias voltage is applied

(Figure 7). Therefore, higher bias voltages have to be used in

order to overcome the conductance threshold caused by

longer alkane-spacer chains in mercaptoalkyl ferrocenes.

Having a closer look at the I–U curves, especially in the

case of FcC3 (Figure 6), a distinct ‘‘noise’’ is measured for high

bias voltages in the regime where the current increases

significantly. For this regime of Fowler–Nordheim tunneling

through a triangular barrier with Ub
fB(Fc), Gundlach has

calculated the tunneling current as a function of Ub.
[32] He
bH & Co. KGaA, Weinheim small 2009, 5, No. 4, 496–502
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Figure 9. Plot of the maxima of the differential conductance versus the

order of the resonance to the power two-thirds.
found that It exhibited additional oscillations resulting from

reflected electrons between both barrier boundaries. Thus, for

well-defined voltages, electron standing waves in the vacuum

gap between emitter (e.g., tip) and collector (e.g., ferrocene

moiety) can develop. These electron standing waves lead to an

oscillating dependence of the tunneling probability and thus

tunnel current as a function of Ub. Thus, the conductance, dtI/

dtUb, versus Ub curve shows maxima at well-defined voltages

Un with n¼ 1, 2, 3. . . (Figure 8). According to van Kempen,

who considered a simplified model of a 1D tunnel junction, the

following equation can be derived[33]

eUn ¼ fB þ 3p

a

� �2=3

F2=3n2=3 (6)

with

F ¼ eUo

z
(7)

and

a ¼ 4p
ffiffiffiffiffiffiffiffi
2m�

p

h
¼ 10:25

1

nm
ffiffiffiffiffiffi
eV

p (8)

U0 denotes the bias voltage of the set-point. Plotting the

position of the maxima of the differential conductance versus

the order of the resonance to the two-thirds power, n2/3

(Figure 9), results in a curve with an intercept at fB(Fc). The

obtained value of 0.60 eV is in excellent agreement with the

value of 0.62 eV obtained by I–s spectroscopy. Therefore, we

have extracted the apparent tunneling barrier height of

ferrocene in vacuum by two independent methods. The

extremely low barrier height of ferrocene, which is even

smaller than the apparent tunneling barrier height for

oligophenylenes, explains all the experimentally received

UHV-STM and STS data in a satisfactory way.
Figure 8. I–U curves of FcC3 (red) and differential conductance (blue)

showing Fowler–Nordheim tunneling with superimposed Gundlach

oscillations.
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5. Conclusion

Two UHV-STS methods, I–s spectroscopy and I–U

spectroscopy were applied successfully on ordered domains

of mercaptoalkyl ferrocenes embedded into alkanethiols. The

results are in excellent agreement and reveal that the main

conduction mechanism of ferrocene is Fowler–Nordheim

tunneling. Furthermore, Gundlach oscillations are clearly

observed in the I–U spectra. The apparent tunneling barrier

height of ferrocene is estimated to be 0.60� 0.05 eV. The onset

of the Fowler–Nordheim tunneling can be additionally

modulated by the attached alkane-spacer chains. Thus,

ferrocene moieties are attractive candidates to tailor electron

transport properties.
6. Experimental Section

Octanethiol (C8) and dodecanethiol (C12) were purchased

from Aldrich and used without further purification. The a,v-

mercaptoalkyl ferrocenes (FcCn with n¼3, 5, 11) were synthe-

sized and purified according to previously published proce-

dures.[6,34] All compounds were dissolved in ethanol as

millimolar solutions.

As substrates, thin (111)-oriented gold films on mica were

prepared as described earlier.[35] For the formation of mixed

monolayers freshly prepared substrates were exposed first to an

alkanethiol solution for 24 h and then transferred to a mixed

solution of alkanethiols and ferrocenes for 10–120 min or to a

pure solution of ferrocenes for 10–30 min. The samples were

heated in solution or in vacuum to improve the layer quality and

desorb physisorbed molecules from the surface. After deposition,

the monolayers were dipped into hot ethanol, thoroughly rinsed,

and immediately transferred to vacuum.

The samples were characterized with a JEOL 4500 UHV-STM

using homemade electrochemically etched tungsten tips in UHV at

a base pressure of 5�10�10 mbar. Topographical images were

recorded in constant-current mode at bias voltages in the range of

�1 V to �2 V and tunneling currents between 30–100 pA. The

structural details of pure and mixed monolayers of mercaptoalkyl

ferrocenes as well as the matrix isolation in alkanethiol mono-
H & Co. KGaA, Weinheim www.small-journal.com 501
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layers, as used in this work, are described in earlier publica-

tions.[18,19,36]

I–s spectroscopy data were collected on several islands of

mercaptoalkyl ferrocenes embedded into an alkanethiol matrix.

The tip was placed at various positions on the islands, usually at a

Ub of 0.8–1.6 V and set-point currents of 20–50 pA to define the

distance to the substrate. Then the feedback was deactivated and

the tip retracted and moved towards the surface by 2 nm, while

the current signal was recorded. The I–U curves were collected

using the current imaging tunneling spectroscopy (CITS) mode.

During a CITS scan a topography image is acquired and at every

image point a I–U curve (�2 V to þ2 V) is measured.
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